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The NPS Spectroirradiometer (spectral irradiance meter) 
incorporates a rotating spectral wedge filter and was de- 
veloped to measure the spatial distribution of downwelling 
underwater solar irradiance. Spectral irradiance data in 
the 402 to 577 nm regime was observed from the R/V Acania 
at four separate stations in Monterey Bay, California, during 
mmoust L276 to depths of 130 m under both clear and foggy 
sky conditions. Diffuse attenuation coefficients, k, for 
downwelling light at selected wavelength/depth combinations 
were calculated from the observed spectral irradiances. 


The downwelling spectral irradiance values obtained 
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ranged from 4.36 X 10 uW/em*/nm aes otenm co 1.50 xX 107 
uW/em*/nm at 577 nm and are numerically comparable to data 
from other studies of coastal waters. The calculated values 
for five selected wavelengths, namely 418, 453, 487, 522, 
and 557 nm, ranged from .097 m+ at 418 nm to .274 m7 at 
557 nm and are representative values. 

The results of the measurements indicate that the NPS 


Spectroirradiometer provides a practical method of determin- 


ing spectral irradiance distributions. 
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I. INTRODUCTION 


mae PE UREOSE 

The biological and physical processes in the upper ocean 
are intimately connected with solar radiation. The spatial 
distribution and transmission of underwater solar radiant 
Sme@eyers an e5S5ential optical property that must be fully 
understood in order to evaluate the performance of underwater 
optical systems, correlate biological productivity and com- 
mercial fishing catches, and predict ocean heat budgets. 

The downwelling diffuse attenuation coefficient, k, derived 
from underwater irradiance data, is used for the oDtical 
Piicsitication of oceanic water masses (Jerlov, 1951). The 
coefficient, k, refers here to the irradiance attenuation 

See Vertical extinction’ of underwater solar radiation with- 
in a given stratum, its units being nee. 

The purpose of this investigation was to determine the 
depth distribution of downwelling underwater spectral irradi- 
ance? (E 4) impinging on a horizontal plane surface. Spectral 
Ea measurements in the 402 to 577 nm wavelength region 


(visible light) to a depth of 130 m were obtained at a series 


tRadiant fits deminocgdeds the time weate of flow of 
radiant energy. The radiant flux incident on an infinites- 
imal element of surface containing the point under considera- 
tion, divided by the area of that element, is defined as 
irradiance E, its units being power per unit area, e.g., 
watts/m* or watts*/cm*. The downwelling, Ey, and upwelling, 
Pe ae actae ere ecaer ined as the flux per unit area collected 
on a horizontally oriented cosine collector surface. 





of stations in Monterey Bay (Figure 1) between June and 
August 1976 employing a spectroirradiometer (spectral ir- 
radiance meter) developed at the Naval Postgraduate School 


GIRS J 


Be PREVEOUS INVESTIGATIONS 
"Among the subjects which Arago recommended to sailors 
for study is the transparency of the sea and its color. 
The depth at which one sees objects in the sea is most 
interesting, but unfortunately there are few direct obser- 
vations, I mean, of course, direct experiments, and not 
more or less conjectural observations in which it is 
"believed' that the bottom of the sea has been seen." 
Bemweote P. A. Secchi in his seientific diary in 1865 
(Cialdi and Secchi, 1865). His experimental immersions of 
dises of varying sizes and colors in coastal waters off 
Civitavecchia, Italy, did in fact product direct observations 
concerning the limits of visibility of submerged objects, and 
the Secchi dise is commonly used today--especially by 
biologists--in determining transparency of the sea. 
Experimental studies involving the measurement of the 
Spatial distribution of the underwater radiant energy field 
were initiated by Bertel (1911) [DuPre and Dawson (1961)]. 
Using a small quartz spectrograph, Bertel photographed 
maturelly occurring underwater illumination, and his quali- 
tative determination of wavelength distribution and direction 
of the radiant energy field, although not complete, did in 
fact illustrate some characteristics of the underwater 
Di oie f enka % 
Sede e@m@emeith Shelztord and Gail (1922), Knudsen (1922), 


Poole and Atkins (1962), Beebe (1934), Pettersson and Landberg 
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(1934), among others, utilized photographic techniques, 
photometers,and spectrograpns as the primary devices to in- 
vestigate the penetration of visible solar radiation into 
the sea. In 1933 Utterback and Boyle devised and utilized 
a submersible device utilizing a calibrated photronic cell 
in conjunction with a rotating light filter assembly to 
measure penetration of visible solar radiation in seawater. 
Their measurements in waters off Southern Alaska revealed 
evidence of layering within the water column resulting in 
marked variations in the penetrability of light. The cause 
of the layering was attributed to discharge of rivers and 
glacial effects. Oster and Clarke (1935) using a combina- 
tion of photoelectric cells and filters examined light pene- 
tration in Atlantic waters in the 300 to 700 nm region. An 
excellent comparison of their results (Oster and Clark, 
1935) with data obtained by previous investigators reveals 
the lowest values of the diffuse attenuation coefficient, k, 
then yet obtained from theSargasso Sea approaching or even 
less than that of distilled water as obtained by Sawyer 
(1931) in the case of the violet, red, blue and green com- 
POWenEs . 

It should be noted that most of these early studies 
focused on the variation and penetration of spectral radiance’ 


as a function of depth and as such were not specifically 


“Radiance is defined as the radiant flux per unit solid 
ane me pGOgectedsanea of a surface, its units being 
W/m*/nm/sr. 
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concerned with spectral irradiance. However, they did pro- 
vide fundamental knowledge of the optical properties of the 
upper layers of the sea necessary for the design and imple- 
mentation of more advanced devices, including those devices 
capable of direct measurement of underwater solar irradiance. 

Using advanced spectrophotographic methods, LeGrand and 
LeNoble (1954), Ivanoff (1955), Tyler (1958), and many 
others, expanded the knowledge concerning the spectral dis- 
tribution of underwater radiance including extention into 
the ultraviolet portion of the spectrum. Jerlov and Koczy 
(1951) extended monochromatic irradiance measurements to an 
ocean depth of 500 m using photographic techniques. 

A distinct advantage of using the spectrophotographic 
techniques is the ability to simultaneously record the entire 
spectrum as well as the varlabilities existing in the irradi- 
ance field at the time of exposure of the film. However, 
particular attention as to exposure timing, film types and 
densities, and photogrammetric data reduction is required 
in order to obtain a true representation of the desired opti- 
cal properties of seawater. 

The advancements in photoelectric detectors and electronic 
circuitry permitted expansion of underwater irradiance mea- 
surements by electro-optical techniques. Sasaki, et al. (1955) 
and Clarke and Wertheim (1956) obtained measurements using 
photomultiplier (PM) tubes possessing the advantage of high 
Semsicivity at low light levels. 

Clarke and Wertheim were the first to report deep (580 m) 


measurements of irradiance between 320 and 650 nm using a 


Ne 





direct reading bathyphotometer. They obtained irradiance 
data at night and observed almost continual flashes of 
luminescence from deep sea organisms below 300 m in depth 
that were 1000 times the intensity of the background illu- 
mination. Jerlov and Piccard (1959), using a bathyphoto- 
meter of similar design to that of Clarke and Wertheim 
(1956), measured underwater illumination during dives with 
the bathyscaph Trieste off Capri in 1957. The device was 
calibrated in terms of irradiance, and observations were 
made to 300 m. 

Kampa and Bowden (1957) utilized a photometer equipped 
With interference filters to measure absolute irradiance of 
bioluminescence generated in sonic-scattering layers. The 
same instrument was modified and later used by Bowden, Kampa 
and Snodgrass (1960) for measurements of the spectra of 
underwater solar irradiance from 421 to 540 nm to a depth 
of 400 m. A prism monochromator that optically scanned the 
400 to 600 nm range with a 10 nm bandwidth was developed by 
Hubbard and Richardson (1959) to measure irradiance as a 
Function of wavelength. Underwater irradiance meters, 
spectroradiometers, and integrating irradiance recorders 
have been developed by Jerlov (1965), Tyler and Smith (1966, 
meee, Dungley (1963), Snodgrass (1961), and others. 

Neerus and McLeod (1974) studied the optical properties 
of natural waters off Bimini, Woods Hole, and Boston Outer 
Harbor in 1974 utilizing a meter that determines the radi- 
ance in a vertical plane, scans several vertical planes to 


obtain directional components of irradiation about a point, 


i3 





and then integrates the directional components to obtain 
the total spectral irradiance value. The spectral distribu- 
tion is obtained by a rotating, continuously variable inter- 
ference filter to separate the collected light into visible 
seeectral components. 

Local studies of underwater radiant energy include 
those conducted by Bassett and Furminger (1965), and by 
Michelini (1971), who made some spectral radiance measure- 


ments in near-shore waters off southern Monterey Bay. 
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Peewee LON IOF EQUIPMENT 


Pees sPECTROLRRADIOMETER 

A spectroirradiometer (spectral irradiance meter) having 
the capability to measure the spectral distribution of under- 
water irradiance, Eas impinging on a horizontal plane surface 
was developed by the author and Stevens P. Tucker between 
January and August 1976. The spectroirradiometer (Figures 2 
through 6) is a redesign of the spectral radiance meter de- 
veloped by Michelini and Tucker (1971). 

The original photometer unit, housed in a 30.48-cm long 
aluminum pressure vessel having a 1.9l-cm wall thickness and 
an inside diameter of 15.24 om, was modified by the addition 
of a cosine collector to allow complete hemispherical (27) 
collection of underwater irradiance in the visible spectrum. 
The cosine collector is constructed of white, semi-translucent 
Plexiglas cast acrylic sheet (Rohm and Haas, Type W-2447) 
having a 5.08-cm diameter (20.27 om*) flat disc collecting 
surface. Its geometry 1s based on a design developed and 
tested at the Visibility Laboratory, Scripps Institution of 
Oceanography. The transmittance curve for the cosine collec- 
Or as depicted in Figure 7 is“Pelatively flat, having 
approximately 92% transmittance over the spectrum of interest. 
A newly designed photomultiplier electronic circuit and a 
pressure transducer were incorporated to provide improved 


Sensitivity and direct depth readout. 


iS 
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Keylist to Figures 3 through 6 


10.16 em thick, 10.16 cm diameter Pyrex window. 
Achromatic lens, 33mm diameter, 100 mm focal length. 
Achromatic microscope objective, 3 mm focal length. 


Spectral wedge filter, 10.16 cm diameter, iL eho) Segment. 
(Optical Coating Laboratory, Inc.). 


Filter drive motor, Model 41-25, 36 rpm, 35 Vdc 
reversible (Hansen Manufacturing Co.). 


Photemmmerplier tube (BMI 9524B). 
Electronic circuitry for PM tube. 


Pipe Browns odel 520/25, + 15 Vde dual regulated power 
supply. 


Mu-metal shield. 
Mecca, No. 2047, seven-pin underwater electrical connector. 
Venus, Model K-15, regulated high voltage power supply. 
Rohm and Haas, type W-2447, translucent cosine collector. 
Six Vde regulated power supply, LM 340-6. 

imams lstem, Hep 2NSs0lL3. 


Operational Amplifier, NE-536T. 


ie 











ae | a 


LLL LE LL Pee 
LALLA L 


GE 


6.03cm B Misa 


yy 
oe 
ey xx 


IRYILIL Ne 


a 








——— 


00 
Oo 
2) 
3 








- 





«—_--——' 






Ye 

















= 


ae 







WN 


—~| Je 





8 








cm 





> (eR) 








—y 


uy 
© 
0 
a 


SAAANSSNSSSSSANEEN 


aN 
Soe 
Lb] 







XO 





a 
s 
° 


NSS 


a) 
ta 
x 
+t. 
a 
« 
by 
ad 


LE LILA S LLL 


| + iat 


rigure 3. Gene ee erren@erent a2 Cerpenents 


[Wass 








* ~ : 
AON 


NECN Sy 





Figure 4, Hardware and electrics 


ius) 








AN GAS 


arcdware and electron 


H 


° 


20 





URIZETP LIMOITO oTuOAZOETY °9 aMBT] 


EY Baer Co. 

OW T 29°S° HY 

‘7 ot 0G :€y 
OT OS 37 

| OP eed 


9d GIN py clu ZIM LLY OLN «6Y) gy ZY) OU 





Za: 


| i a . 
LN ae aS | 


—— ite Le 
— -_ ie | 
7 - 


ail —S of ' 








pla Ty 

me | | | tel 

SS 
a 








——— ae 





Ultraviolet 





100 
8 
6 
4 
2 


IN3S0Udd “SONVILINSNVYL 


22 


WAVELENGTH, NANOMETERS 


Figure 7. Cosine collector material transmittance curve 
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Peoneecpomeuame Cosine Collector is transmitted 
through a 1.9l-cm thick, 10.16-cm diameter window, focused 
by an achromatic objective lens (F=100 mm), and then 
collimated by an inverted achromatic microscope objective 
(F=3 mm). The collimated light beam then passes through a 
rotating spectral wedge filter, is diverged by a second 
achromatic microscope objective, and impinges directly upon 
[me photocathode of a PM tube. A functional description of 
the entire optical system is depicted in Figure 8. 

Poeeenoroncter Cincumeny 

A 10.16-cm diameter half-dise spectral wedge filter, 
manufactured by Optical Coating Laboratory, Inc., having the 
transmission characteristics shown in Figure 9 with a half 
bandwidth of approximately 17 nm, is used in the spectral 
filtering of the light collected by the optics. The filter 
memaarecctiy coupled to a continuously rotating D. C. motor. 
The speed of the motor is variable and is controlled from the 
instrument rack aboard ship in order to obtain the scan 
rate desired for recording. A specific wavelength band can 
be selected for presentation by stopping the spectral wedge 
filter at a desired wavelength. 

Sgeeit F524 >  esmee witha 23 mm end window and 
S-ll photocathode is used. The high voltage supply for the 
cathode and dynode circuit is provided by a Venus Model K-15 
PeWeresuee lyauwitcnmic sOperatea a5 a high gain (100:1) de 


amplifier. The spectral response of the S-11l photocathode 
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and sensitivity characteristics of the PM tube are illus- 
trated in Figures 10 and 11, respectively. 

During the initial testing of the spectroirradio- 
meter it was noted that at depths greater than 25 m the out- 
put Signal became indistinguishable from the background 
noise. Considering the sensitivity available from the EMI 
9524B PM tube, the depth capability should have greatly ex- 
ceeded 25 m. Subsequent troubleshooting of the electronics 
indicated that the circuit being used was limited in that the 
maximum high voltage that could be obtained was less than 
800 V. Figure ll shows that with this cathode voltage the 
PM tube is operating far below its maximum sensitivity. As 
the original circuitry did not permit as high a cathode high 
voltage as desired, a new circuit was designed by Mr. Tom 
Christian, Mechanical Engineering Department, NPS. 

The circuit shown in Figure 6 is a modern version of 
a concept devised by Sweet (1946). A closed loop servo 
operation is used to maintain constant PM tube anode current 
in the presence of variations in incident light intensity. 
The circuit maintains a constant anode current by increasing 
or decreasing the high voltage applied to the PM tube as the 
incident light decreases or increases. The applied voltage 
200) tos-to008 J) 01s then roughly proportional to the 
Pot: eineommmne ineldent Tight intensity. A logarithmic 
response is needed to provide for the wide range of ambient 
light levels. 

Other advantages of utilizing a logarithmic response 


include the following: 1) In the event that the photocathode 


ZS 


198 








Sek 
NO 


iN 


Be 
> 
O 
2 
a 
O 
Lic 
LL. 
Lid 
= 
=, 
-_ 
zZ 
< 
= 
fe 


0.2 


0.3 0.4 0.5 0.6 


WAVELENGTH (nm) 


Figure 10. 


Photomultiplier Tube Spectral Characteristics 
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is inadvertently exposed at high light level, the gain of the 
tube is automatically reduced to prevent damage; 2) The sta- 
bility with time of the PM tube gain is improved, as the 
anode current is maintained at a low constant value; and 3) 
the dynamic range of light flux values which can be measured 
1S accomplished with essentially the same qualtiy and sta- 
bility, thus maintaining accuracy of measurement. 

The output of the spectroirradiometer is thus an ana- 
logue voltage signal roughly proportional to the logarithm 
of the spectral irradiance within the instantaneous field of 
mevweor the collecting and filtering optics. A typical out- 
put signal is illustrated in Figure 12. Wavelength varies 
linearly along the time axis (abscissa) while the correspond- 
ing voltage representation related to the irradiance value is 
displayed on the ordinate. 

3. Instrumentation 

The output is directly displayed on a Hewlett-Packard 
(HP) Model 7100B, 10 inch strip chart recorder and simul- 
taneously stored on a HP-3960 analogue tape recorder for sub- 
sequent data reduction. A HP-204C signal generator provides 
a highly stable 2048 Hz reference synchronization signal used 
as the reference sampling frequency during digitizing of the 
data. 

An input voltage of +12 Vde for the Burr-Brown Model 
920/25 regulated power supply, a selectable low voltage 
(typically +3.0 Vdc) input to the spectral wedge filter motor, 
and the spectral irradiance output signal are carried by a 


l-com 0.D., six-conductor, internally strengthened cable. 
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A standard 75-cm instrumentation rack was used to 
house two regulated power supplies, a HP-680 strip chart 
recorder, a HP-204C reference oscillator, a Cimron DMC-45 
digital multimeter/counter, and a specially constructed 
interface panel. The shipboard installation of the instru- 
mentation package and the HP-3960 tape recorder is depicted 
in Figure 14. 

The spectroirradiometer is suspended by a three- 
point bridle attached to the ship's hydrographic wire and 
1s electrically connected to the shipboard instrument rack 
by an electrical cable which was manually deployed and 
married to the hydrographic wire. Vertical orientation and 
depth positioning of the unit was maintained by suspending 
a 100-pound lead weight below the unit on a second three- 


Point bradle (Figure 15). 


B. CALIBRATION 
if eoemticemopectral Irradiance 

The absolute spectral irradiance calibration of the 
Spectroirradicmeter was accomplished using a Gamma Scienti- 
fic Model 220 calibrated optical source, with a Model 220-1A 
radiance head as the standard lamp. The model 220-1A lamp 
Peel ene Ousput Of 100 + 2 foot lamberts and color tem- 
peaamume Of 2654 + 50°K with + 1.5% uniformity within the 
7.62-cm diameter luminous surface. The calibration curve for 
the Model 220-1A standard lamp is shown in Figure 15. Radi- 
ance values less than 400 nm were not obtainable from the 


Soelprakroen curve. 
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To obtain a calibration standard at light levels 
higher than those of the Model 220-1A standard lamp, a 
General Electric (GE) iodine-cycle lamp (GE Type 1958) was 
used as a sub-standard. The GE lamp was positioned until 
the spectroirradiometer output voltage signal was identical 
to that of the 220-1A standard lamp. This output signal 
jevel and spectrum were then used as the reference for the 
GE lamp which was held at a constant current input in order 
tO provide uniform radiation levels. 

The spectroirradiometer was held fixed and the 
Standard lamps displaced. At each position of the standard 
lamps the resultant spectrum of irradiance was recorded on 
the HP-5960 analog tape instrumentation and HP-7100B strip 
chart recorders. To ensure that an accurate representation of 
the standard lamp irradiance was measured, three spectra 
were monitored for each distance. The HP-5960 analog tapes 
were then digitized on a Vidar Model 6403D data acquisition 
system in IBM compatible format to allow determination of 
the absolute spectral irradiance values. 

The value of radiance was determined for 98 discrete 
wavelength bands of 3.5 nm each from the standard lamp curve 
(Figure 15). The radiance value (Guw/em* /nm) was then multi- 
plied by the solid angle as viewed from the surface of the 
PoeiiemGottcetor, Each solid angle for the calibration was 
determined by dividing the effective area of the standard 
lamp luminous surface by the square of the distance between 


the lamp and the spectroirradiometer. The resultant of this 
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calculation gives the spectral irradiance values (uW/ om? /nm) 
at the various calibration distances. The irradiance value 
was then correlated with the average spectroirradiometer 
output signal voltage in each wavelength band and an absolute 
spectral irradiance calibration curve determined for 77 wave- 
length bands. 

The absolute calibration curves were determined by 
the following procedure: 

(1) For each wavelength band of interest, denoted 


Nis 


> fae OOLand at each distance. from 


the lamp, the irradiance and corresponding 

voltage signal, denoted T., and V., respectively, 

were determined. The irradiances were pre- 

viously computed from the known spectral distri- 

bution of the calibrated standard lamp. The 

corresponding voltage signals were determined 

by sampling the recorded data tape. 

The end points of 374 nm and 716 

imepolneseiwand Bean Figure 12) 

were mathematically determined by com- 

puter to within .5% accuracy. Assuming that 

the spectral wedge filter rotated at a constant 

angular rate, equal interval sampling was used 

to determine La for the 50 wavelength bands 

desired to calculate irradiances in the 402 nm 

Eemo/i emi @ecime (points C and D in Figure 12). 
C2 then .eser each Ne teat ce was plotted as a 


‘Pibhoejeskeppme ous cae Pomleceror whlen in oe Di 
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-9.21 were discarded as producing a response 
indistinguishable from noise. The remaining 
Pe@mts were then fit with a cubic polynomial, 
using the weighted least squares fit with 
orthogonal polynomials (LEAST/EVAL) algorithms 
described on pages 43-51 of Shampine and Allen 
(1973). This algorithm choses the cubic poly- 


nomial, denoted R40); which minimizes: 


k 
To avoid a result overly sensitive to low ir- 
radiance measurements, the weighting factor was 


chosen to be 


Since ues was always negative, with its lowest 


k 
values corresponding to the smallest irradiances, 
this weighting effectively weights the lower 
irradiance values less. 

Figure 13 illustrates the calibration curve for the 487 nm 

Wavelength band and is typical of the calibration curves 

determined in the above manner. The absolute spectral ir- 

radiance verified that spectral irradiance values as low as 


ub 


Be Ope uW/om*/nm can be measured by the spectroirradio- 


meter over the spectrum of interest. 
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Figure 15. Spectroirradiometer Deployment 
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Since the absolute spectral irradiance calibration 
was accomplished in air, and the spectral irradiance measure- 
ments were made in seawater of average salinity 33.6-33.8%, 

a correction factor for the differences in indices of refrac- 
tion between the calibration case (air and Plexiglas) and 
the in-situ case (seawater and Plexiglas) was required. The 
calculation for the correction factor (K) was based upon the 
Fresnel reflection formula for light at normal incidence to 

a surface separating two media having different indices of 
refractions. 


K 1S computed in the following manner: 


l-r 
Weis, cacao 
1l-r 
pa 
where: 
Pe: 
=) 
pw piseaz al 
D OW 
n_-n 
r = ( aye 
pa 10 ala 
Dp a 
and : 
Wests) = Index ci refraction of Plexiglas cosine 
P Coumicecror 
te face = Index of refraction of water, and 
oa im = index of refraction of air 


The in-situ irradiance values were corrected using the for- 
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where: 


Ee = Irradiance value at a given depth in seawater 
Ee = Irradiance value at a given distance in air 
K = 1.24 (as derived from above formula) 


a sopeceral Wedge Filter 


The spectral characteristics of the wedge filter as 
given by the manufacturer (Figure 9) were verified by cali- 
brating the filter using narrow band interference filters to 
isolate the mercury spectral lines at 404.7, 435.8, 541.6, 
577.0, and 690.7 nm. The end points of the filter were found 
to be 374 and 716 nm by linear extrapolation from the spectral 
data points given in Figure 9. The resultant transmission- 
wavelength calibration curve as a function of rotation angle 


eeeeene Filter 1S shown in Figure 17. 
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iia. Colne CEION, OF DATA 


A. LOCATION OF STATIONS 

Between June and August 1976 spectral irradiance measure- 
ments were obtained by the author at a series of stations 
(Figure 1) in Monterey Bay utilizing the Naval Postgraduate 
School's oceanographic vessel, R/V Acania. Station positions 
were determined by the ship's radar and are listed in 
Appendix A with additional station data including time, 
sea and sky conditions, altitude and azimuth of the sun, 


Peechi depth, etc. 


bee EXPERIMENTAL PROCEDURES 

Sea and sky conditions can have significant influence 
upon underwater irradiance measurements. Tilt and vertical 
displacement of the instrument are highly dependent upon 
Peli ama =drirt of the Ship. Shadows from the ship itself 
as well as from clouds also induce variations in the irradi- 
ance detected by a submerged underwater instrument. Obvious- 
ly, the perturbations of the underwater light field as per- 
ceived by the instrument can be minimized or eliminated by 
obtaining data only under clear, sunny skies at times close 
to sun's zenith and under conditions of relatively calm sea 
and swell. In most cases data obtained in this study were 
taken within three hours of local noon, and the elapsed time 


sent at each depth was minimized in order to reduce effects 
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attributable to changes in sun angle or cloud conditions. 
The spectroirradiometer was suspended on an "A"-frame from 
the sunny side of the ship to minimize the effect of the 
ship's shadows. 

At each station, the spectroirradiometer was lowered to 
the maximum extent of electrical cable available. The out- 
put signals were monitored on the HP~7100B strip chart 
recorder and simultaneously stored on the HP-3960 tape 
recorder. The time required to obtain one complete lowering 
of the instrument to 130 m is approximately one hour with 
3-5 minutes at each depth. The station time given in 
Appendix A is the midtime of the measurement period. 

Measurements of both no light and deck solar illumina- 
tion conditions were also recorded with the device prior 
and subsequent to subsurface measurements. Secchi depth 
(30 m diameter disk) and mechanical bathythermograph data 
were obtained for each station. 

A Weston Model 856 barrier-layer selenium photovoltric 


deck cell (Figure 18) with 10.93 cmé 


of effective collecting 
area was used to continuously monitor the solar radiation 
incident upon the sea surface. The photovoltric cell was 
gimbal-mounted and positioned in a shadow-free location on 
the ship. The output signal was monitored on a HP~680, 5-in 
strip chart recorder and stored on the HP-3960 tape recorder. 


This deck cell output can be used as a reference to normalize 


PiewatibetGiace irradiance values for calculating k. 
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Figure 18. Deck cell in gimbal mounting 


44 





iV oN STS OF DATA 


eee DATA REDUCTION 

It is recognized that environmental factors, in par- 
ticular inhomogeneities and temporal instabilities existing 
Within the water mass structure, affect the characteristics 
of the distribution of spectral irradiance; however, with 
the exception of obvious discontinuities in the data, no 
attempt was made to identify or isolate such perturbations, 
and the effects of such perturbations are certainly present 
in the data. 

To ensure that a representative irradiance spectrum was 
obtained three spectra for each depth were analyzed. As the 
spectral wedge filter revolves at a constant angular rate, 
wavelength intervals were determined from the ratio of the 
partial angular rotation to total angular rotation (Figure 
17). Figure 19 illustrates a typical sequence of uncorrected 
data obtained at depth with unfiltered light (high light 
levels) followed by spectrally filtered light (lower light 
levels) in the 374 to 716 nm region. The 0° and 180° end 
points of the spectral wedge filter, shown as the sharp 
vertical lines, clearly delineate the end points of the ir- 
radiance spectrum. The filter drive motor operated at a 
SemMetamenyvoltasze of +3.0 Vde in order to produce a scan of 


the spectrum lasting 10 s between end points. 
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The irradiance data signal, a de voltage level corre- 
Sponding to the radiation incident on the Weston deck cell, 
a de voltage corresponding to the depth of the device, and 
a 2048 Hz reference signal were recorded on the HP-3960 
tape recorder in analog format and later digitized on a Vidar 
Model 6403D data acquisition system. The digitized tapes 
were then sampled on the NPS IBM 360/67 computer system 
utilizing the same scheme developed to determine the absolute 
calibration, and the representative data signal voltages were 
then converted to actual irradiances using the predetermined 
calibration curves for each wavelength band. Fifty incre- 
ments of wavelength bands having an individual bandwidth of 
3.5 nm were utilized in order to produce an overall spectrum 
of absolute irradiance from 402 to 577 nm. The determined 
irradiance values were then tabulated and used to produce 
computer generated plots for each depth at a particular sta- 
tion. Figure 20 illustrates the entire data collection and 
computer analysis scheme. 

iipememecttal! Values of kK, 1.€. the "vertical extinction 
coefficient" or diffuse attenuation coefficient, were 
calculated from ratios of the downwelling irradiance at two 


depths, Z, and Z,, using theeiommua: 


eae, 1 ECZ) 


E i 
kalo, 7) ) = ‘25-2, iia Sag Be, 





where Z is positive in the direction of increas- 
ing depth. The computed values of k are thus a function of 
wavelength and are given for the median depth between depths 


Z, and Z 


a a 
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Bee REOULTO 

Appendix B contains the derived spectral irradiance 
values tabulated for each depth at the four stations occupied 
in Monterey Bay. A composite plot of the spectral irradiance 
distribution with depth is also presented for each station. 

Figures 21 through 25 contain the calculated values of k, 
the diffuse attenuation coefficient, for five midband wave- 
[Meeeis Of 418, 453, 487, 323, and $558 nm. The thermal struc- 
ture at the mid-station times (as obtained from mechanical BT 
data) is also presented (Figures 26 and 27). 

Environmental factors affecting the measurement of down- 
welling spectral irradiance included the variations in sun 
zenith angle, presence of light fog, state of the sea, and 
inhomogeneities in the water mass. The data presented herein 
were obtained in relatively calm sea conditions and within 
three hours of local noon to minimize the effect from varia- 
tions in the sun angle. Although light sea fog was present 
during the measurements for some of the stations, examination 
of the Weston deck cell measurements indicates that for all 
practical purposes the radiant energy incident upon the sea 
surface was relatively constant during the observation periods 
(an average of 30 minutes). With this assumption in mind, 
the data so obtained were not normalized and represent the 
actual downwelling spectral irradiances. However, it is 
recognized that small variations in the overall incident 
irradiance levels occurred from station to station. The data 
presented are tabulated to three decimal places for ease of 


computer calculations, although they are not accurate to more 
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than three significant figures. Irradiance values lower than 
-3 2 te ; a 
10 uW/com /nm were utilized as qualitative indicators but 


net for calculations, 
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Vo CONCLAS BONS 


The values of spectral irradiance obtained seem to be 
representative of data obtained by other experimenters us- 
ing comparable devices. The absolute values cannot be 
directly compared, as each observation is unique for the 
stations occupied, and there is no record of earlier spec- 
tral irradiance measurements taken in Monterey Bay. Ona 
quantitative basis the data are comparable to downwelling 
irradiance values obtained from the Gulf of California by 
Tyler and Smith (1970) for May 1968; spectral irradiance 
values obtained from the Gulf of Panama and the Panama 
coastal area in the Caribbean Sea by Tyler (1970) during 
the SCOR Discoverer Expedition, May 1970; and spectral ir- 
radiance values obtained during the Cineca II expedition 
from coastal stations off Mauritania by Morel and Caloumenos 
Geos), April 1971. 

A comparison of the spectral peaks of the observed ir- 
radiances reveals a shift toward the shorter wavelengths 
with depth as can be expected from the known optical proper- 
ties of seawater. The shift is more apparent from examina- 
tion of the tabulated values but is detectable when observing 
Pieweempestte plots Of the irradiance distribution with depth 
(Appendix B). The spectral peaks were contained within a 
wavelength band of 484 to 502 nm and are consistent with known 


Swear vaentons Gf COastal water masses. 
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The values of k were affected by the temporal instabil- 
ity of the water mass during the observation period, as 
approximately five minutes were required to return to an 
equivalent wavelength at the next lower depth. The plots 
of k versus depth reveal a variability which is not at all 
S@eprising in such a relatively shallow ccastal 
environment. 

The highest values of k occurred in the 557 nm wave- 
length band. For the shallowest station, A-1A/B, there are 
instances when the highest k values occurred in the 418 nm 
wavelength band. 

The calculated values of k presented in Figures 21 
througn 25 are comparable to data obtained by Tyler and 
Mims 7 OO sineche Gulf of California, May 1968. 

The analysis of the experimental data obtained using 
the Spectroirradiometer developed at NPS verifies that the 
device is capable of obtaining a measure of downwelling 
spectral irradiance in the 402 to 577 nm regime, and the 
spectral irradiance values can be utilized to calculate the 
diffuse attenuation coefficient, k, which may be used as an 


additional descriptor. 
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VI. RECOMMENDATIONS 


The NPS Spectroirradiometer is serviceable as presently 


constructed, but the following modifications are recommended 


to improve data handling, calculation of absolute irradi- 


ances, and overall usability of the device for future 


Sema1es: 


Ci) 


2) 


C4) 


The shaft of the spectral wedge filter should be 
equipped with a cam actuated or optical device to 
Signal the exact endpoints of the spectrum. The 
endpoints are now derived from mathematical com- 
parisons of the average signal voltages. 

An absolute spectral recalibration should be accom- 
plished utilizing a standard lamp having known 
spectral characteristics over the entire spectral 
wedge filter spectrum. This will enable measure- 
ments to be obtained on a wider spectrum than 
reported here. 

An accurate pressure transducer should be incor- 
porated and utilized to record depths of the device 
during observations. 

The optical path should be equipped with additional 
filters to reduce bleedthrough of extraneous 


radiant energy. 
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Co) 


The data signal should be directly recorded on 
magnetic tape in a digitized format compatible 
with the NPS IBM 360/67 computer system. This 
would provide more accessible data measurements 


and reduce error during data analysis. 
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STATION A-7 


SECCHI DEPTH - - - - - --+--+-+e-e--- = 
WATER DEPTH - - - - - Se fs ese se se aes = 
SEA SURFACE TEMPERATURE - - - - - - - = = 
AVERAGE ALTITUDE OF THE SUN - ----- - 
AVERAGE AZIMUTH OF THE SUN - - - = - et aoe 


SKY CONDITIONS - - - - - =----+- - ape, ae! 
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30 August 1976 
1145 PDT 
36.45.5N 
121.53.5W 
Calm 
325°/.5 m 
000°/8 kt 
Oe Sent 
135 m 


rE See 


Pudi suma Wich 
Light Sea Fog 
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STATION A-6 


ot 2 a 30 August 1976 
A 1321 PDT 
EMME = = = Se te HK KC = ese 
re Donets SW 
- « = SR 5 SS Sc0e7 2m 
. eee = 825° / tom 
ob > 6 8 eS ee ee 300°/12 kt 
ME MEP EH 2 0] = - = 2 oe ee + 9.0m 
femmeR DEPTH - - - - - - ----- ee. 2200 im 
SE GURPACE TEMPERATURE - - ------- ie C 
Pyaeeece ALTITUDE OF THE SUN - - - - - - - jes 
Perce AZIMUTH OF THE SUN - - - - - - - - 240° 
PemeelmmITOnGe- - = - = - =---=----- Full Sun 
Woe Clouds 
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STATION A-5 


DATE - - ----+-+-e-- ----+--+ -- - 30 August 1976 
Weert TIME - - - - - - Bee Se ce RD por 
MMmuDE - - - - - - - = 5 36-45.5N 
Lo — eaesieiow 
a SF = (ea) .2 a 
em 6 - - = = eee = = BPE nm 

8 2 i Sele => | Been kt 
MPG DEPTH ---+--+---+-+-+-+-- fo = =) cum 

SB SURFACE TEMPERATURE - ----+----- Wem C 
PeeVGEwALTITUDE OF THE SUN - - ----- 41° 

PYERAGE AZIMUTH OF THE SUN - - - - - - - - 258° 
FeM@eCONDETDONG§] - -=-=+--- - -- --~ - Full Sun With 


Light Sea Fog 
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STATION A-1A 


DATE - - - - ----+-+e4e---- - - - - 31 August 1976 
. lL TTS 1030 PDT 
MMMM = 2S = oe ee ee He He ee - 36-39.5N 
ME me ee et Ht te te 121-54. 5W 

SEA - --+-+e-2+-2e-7747-7747-7-7-4-2-- Calm 

SS ee Scio / alae 
a 350°/6 kt 
Sager BEPTH - - - --------+---- - 9.0m 
Meee = 2 - ee et et tt 75 m 

SEA SURFACE TEMPERATURE - -------- 16.0°C 
Pieper ALTETUDE OF THE SUN - - - - - - - 63° 

AVERAGE AZIMUTH OF THE SUN - - - - - - - - Doe 
Pemeeimmricies- - ----------+-- Full Sun With 


bight Sea Fog 
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STATION A-1B 


wae - ~ - = = a I Cheeucust 1976 
Pe WME = = = - --4 - - eee =. SOR PT 
Pe arrupe - - - - -~ -3 5 See Sa aipeoe SN 
POenTUDE ---- -- - > 121-54. 5W 
Cc, Sr £ eee. = Se Th 
“6 = = See 3a 722 mn 
ln a re 350°/9 kt 
eR eee = = tS eK 9.0 m 
OP DR 75 m 
SeeCUREACE TEMPERATURE - - - - - = = - - see 
PeesGe ALTITUDE OF THE SUN - - - - - - - 53° 
AVERAGE AZIMUTH OF THE SUN - ~ ~ - ~ - - ~ 210° 
ReeeOlOmronce= = ~ - = - = = === -- - Full Sun 


Gtear or Clouds 
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SPECTRAL IRRADIANCE VALUES AND PLOTS 
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STATION A-6 30 AUG 76 IRRADIANCE VALUES (uW/oménm) 
WAVELENGTH (WL) IN NANOMETERS 
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STATION A-5 30 AUG 76 IRRADIANCE VALUES (W/cm <nm) 
WAVELENGTH (WL) IN NANOMETERS 
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